Abstract
133
We investigate the relationship of k and SSA to the iron content to provide a parameterization of the 134 dust absorption as a function of its mineralogy, which can be applied to climate models. The depend-135 ence of dust absorption on the particle coarse size fraction is also investigated to evaluate the change 136 of dust absorption with atmospheric transport time.
137

Experimental set-up and instrumentation
138
All experiments discussed here and previously described in DB17 and C17 were conducted in the 
164
All instruments (size, SW optics, filters) sampled air from the chamber. To equalize the airflow extracted 165 by the different instruments, a particle-free N2/O2 mixture airflow was continuously injected into the 166 chamber. Inlets for all extractive measurements consisted of a stainless steel tube located inside 167 CESAM, and an external connection of silicone tubing (TSI Inc.) from the chamber to the instruments,
168
for a total length varying between 0.4 and 1.2 m. As detailed in DB17 and shown in Fig. S1 in the 169 supplement, the transmission efficiency due to aspiration and transmission in the sampling lines as a 170 function of particle diameter was estimated to calculate the effective dust fraction sensed by each in-171 strument, taking into account the sampling flow rate, tubing diameter, tubing geometry, and particle 172 shape and density. For the nephelometer and the aethalometer, the length of the sampling line from 173 the intake point in the chamber to the instrument entrance was about 1.2 m, which resulted in a 50% 174 cutoff of the transmission efficiency at 3.9 μm particle geometric diameter and 100% cutoff at 10 µm.
175
For the filter sampling system, the length of the sampling line of about 0.5 m resulted in a 50% (100%) 176 cutoff at 6.5 μm (15 µm) particle diameter. For the WELAS, the only OPC considered for size distribution 177 in the coarse fraction (see Sect. 2.2), the 50% (100%) cutoff was reached for particles of 5 µm (8 µm) 178 diameter.
179
All experiments were conducted at ambient temperature and relative humidity <2%. In addition to over-180 night evacuation, the chamber was manually cleaned between experiments to avoid contaminations 181 from remaining dust. Background concentrations of aerosols in the chamber were less than 2.0 µg m -3
182
(that is 10 2 to 10 5 times less than the concentration of dust aerosols in suspension in the chamber 183 during experiments)
184
A flowchart of the procedure used to treat and combine optical, size, and compositional data, and the 185 algorithm for SSA and complex refractive index retrieval is shown in Fig. 1 . Full details of data treatment 186 for size distribution measurements and filter compositional data are provided in DB17 and C17, and in 187 the following we only mention the main points of interest for the present paper. Full details on the data 188 treatment of the SW optical data are provided in Sect. 2.1 and 3.
189
The optical and size datasets were acquired at different temporal resolutions and then averaged over 190 compatible 10-min intervals, whereas the compositional data represent the experiment integral. The
191
SSA and complex refractive index data were retrieved both at 10-min resolution and as experiment 192 averages to relate them to both size and compositional data. Table 1 summarizes the uncertainties on   193 the measured and derived parameters described in the following. at the 10% and 90% percentile as reported in Table 5 for the whole dataset, that is n between 1.49 and 213 1.54 and k between 0.001 and 0.006 at 450, 550, and 700 nm). The results of this sensitivity study 214 indicate that, for fixed dust size distribution, the truncation correction Ctrunc varies less than 1% for n 215 between 1.49 and 1.54, and <5% for k between 0.001 and 0.006, and so that it is quite insensitive to 216 the exact assumed n and k values.
217
Once corrected for truncation, the spectral βsca was extrapolated at the aethalometer wavelengths. With 218 this aim, the Scattering Ångström Exponents, SAE450-550 and SAE550-700, were calculated as the linear 219 fit of βsca vs λ at 450-550 nm and 550-700 nm, respectively. The SAE450-550 and SAE550-700 coefficients 220 were used to extrapolate βsca at wavelengths respectively lower and higher than 550 nm. Extrapolated 221 βsca values were used to derive an average SAE of dust for the entire investigated spectral range.
222
Aerosol absorption coefficient
223
The aerosol absorption coefficient (βabs) at 370, 470, 520, 590, 660, 880, and 950 nm was retrieved 224 from aethalometer measurements. The aethalometer measures the attenuation (ATT) through an aer-225 osol-laden quartz filter, related to the spectral attenuation coefficient (βATT) as:
where A is the area of the aerosol collection spot (0.5 ± 0.1) cm 2 and V the air sample flow rate (0.002 
248
The Absorption Ångstrom Exponent (AAE) was calculated as the power-law fit of βabs versus λ.
249
Due to an instrumental problem, aethalometer data were not always available, with a typical 30-min 250 interruption usually 10 to 30 minutes after the beginning of experiments.
251
Size distribution
252
The aerosol number size distribution was obtained from SMPS, WELAS and SkyGrimm measurements 253 over different diameter ranges. The measured electrical mobility and optical equivalent diameters from 254 the SMPS and the OPCs were first converted into geometrical diameters (Dg) as described in DB17 255 and summarized in Table 1 . The OPCs conversion assumes for dust a complex refractive index that in 256 our study was set in the range 1.47-1.53 for n and 0.001-0.005 for k for both the SkyGrimm and the 257 WELAS (following DB17). After conversion, the estimated Dg range was 0.01-0.50 µm for the SMPS, 258 0.65-73.0 µm for the WELAS, and 0.29-68.2 µm for the SkyGrimm. Due to a calibration issue, data for 259 the SkyGrimm in the range Dg > 1µm were discarded, so that the WELAS is the only instrument consid-260 ered in the super-micron range. A very low counting efficiency was observed for the WELAS below 1 261 µm and data in this size range were also discarded.
262
The SMPS, WELAS, and SkyGrimm data were combined, as detailed in DB17, to obtain the full size 263 distribution of the dust aerosols suspended in the CESAM chamber, (dN/dlogDg)CESAM, and the size 264 distribution behind SW optical instruments inlets, (dN/dlogDg)SWoptics, after taking into account particle 265 losses along sampling lines (see Supplementary material and Fig. S1 ). As previously discussed, due 266 to the particle losses in the sampling line from the chamber to the nephelometer/aethalometer, the 267 (dN/dlogDg)SWoptics size distribution is cut at 10 µm, so no particles above this diameter reach the SW 268 instruments.
269
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The effective dust density ρ in Eq. (3) was set at 2.5 g cm -3 , a value that is approximately in the middle 
279
The dust size distribution, (dN/dlogD)SWoptics, measured at each 10-min time step for each sample was 280 fitted with a sum of five lognormal functions. For each mode, the parameters of the lognormal functions,
281
i.e., the total number concentration (Ni), the geometric median diameter (Dg,i), and the geometric stand-282 ard deviation of the distribution (σi), were retrieved. The uncertainties in the retrieved parameters were 283 estimated by repeating the fit using size data within their uncertainties. The resulting parameters of the 284 fits at the peak of the injection in the chamber are reported in Table S1 , and an example of size fitting 285 is shown in Fig. S2 .
286
The procedure described here to estimate (dN/dlogDg)CESAM and (dN/dlogDg)SWoptics implies that as- Table 5 , i.e., 1.49-1.54 for n and 0.001-292 0.006 for k). We concluded that changing n and k in this range has a very low impact on the retrieved 293 number size distribution behind the SW inlets (dN/dlogDg)SWoptics compared to the original assumptions 294 made in our calculations (<5% changes in the retrieved size number distribution at the different diame-
295
ters between the original correction and the correction by varying n and k). This is due to the fact that 296 when changing Dg due to changes in the n and k in the OPCs correction, the loss function also modifies 297 to values corresponding to the new Dg. Given that the loss function increases/decreases for increas-298 ing/decreasing Dg, the combined changes in Dg and the loss function compensate so that the net num-299 ber concentration behind the SW inlets varies less than a few percent. These results therefore suggest 300 that the procedure to estimate the complex refractive index of dust is nearly independent of the assumed 301 OPC correction. 
311
Full details on the XRD, WD-XRF, and XANES measurements and data analysis are provided in DB17
312
and C17. In this study, we discuss the dust elemental iron mass concentration, MCFe%, i.e., the percent 313 mass of elemental iron with respect to the total dust mass concentration, and the iron oxides mass 314 concentration, MCFe-ox%, i.e., the percent mass fraction of iron oxides with respect to the total dust mass 315 concentration, estimated as the sum of goethite (MCGoet%) and hematite (MCHem%) species. 
.
323
The Extinction Ångström Exponent (EAE) was calculated as the power-law fit of βext versus λ.
324
The spectral single scattering albedo of dust at 10-min resolution (SSA10-min) was retrieved as:
326
The experiment-averaged SSA (λ) was calculated for each soil type based on the following formula
327
(Moosmüller et al., 2012):
329 where m (λ) represents the slope of the linear fit between the 10-min averages of βsca (λ) and βabs (λ) 330 measured along the whole duration of each experiment. An example of βsca (λ) versus βabs (λ) fitting to 331 retrieve the spectral SSA is shown in Fig. S3 in the Supplement. The correlation coefficient R 2 of the 332 βsca versus βabs fit usually ranges between 0.97 and 1 at all wavelengths. As will be discussed later in 333 the paper, the single scattering albedo of dust depends on the particle coarse size fraction, and during
334
our experiments SSA10-min was not derived continuously for the different samples due to the aethalom- however, the linear fitting procedure was not applicable due to the fact that, respectively, only two and 338 one absorption measurements from the aethalometer were available just after the peak of the injection,
339
with no data afterwards. Average SSA data for Tunisia were thus estimated as the mean of the two 340 available SSA10-min data points, while the single SSA10-min measurement at the peak of the injection was 341 reported for Namib-2. This difference in time sampling should be kept in mind when comparing SSA 342 data for these two samples to the rest of the dataset. 
352
The RMSD was minimized at each wavelength to obtain n-k pairs that most closely reproduce the 
358
certainty on the real and imaginary parts of the refractive index was estimated with a sensitivity study.
359
For this purpose, the values of n and k were also obtained by using as input the observed βsca (λ), βabs 
364
Experiment-averaged values of the spectral n and k were estimated as the average of single n and k
365
values retrieved at 10-min steps (indicated as n10-min and k10-min). In fact, differently from the SSA, the 366 refractive index did not seem to depend on the particle coarse size fraction (Sect. 4.5).
367
A control experiment was performed with submicron ammonium sulphate aerosols (see DB17 and sup- 
Assumptions on the retrieval of SSA and complex refractive index
374
The approach used to retrieve the SSA and the complex refractive index of dust and the accuracy of 375 the results depend on the accuracy of the input data and the assumptions in the optical calculations.
376
We discuss here two points of the applied procedure, in part already mentioned in the previous para-377 graphs.
378
1/ The size distribution from OPCs and also the scattering coefficient from the nephelometer used as 379 input to the n and k retrieval procedure and SSA calculation depend more or less directly on the dust 380 refractive index. These instruments need in fact to be corrected for instrumental artefacts and these
381
corrections require an a priori knowledge of the n and k, which in our approach were set to fixed values
382
(1.47-1.53 for n and 0.001-0.005 for k for OPCs optical to geometrical diameter conversion, and 1.53
383
for n and 0.001-0.003 for k for nephelometer truncation correction). This choice may in principle intro-
384
duce a certain degree of uncertainty and circularity into the derived n, k, and SSA for dust. Nonetheless,
385
we note that the range of refractive index values used to correct OPCs and nephelometer data falls in 
Iron and iron oxide dust content
465
The mass concentrations of iron oxides, hematite, goethite, and total elemental iron for the different 466 analysed samples are reported in Table 3 . There is a considerable variability in the iron and iron oxide 467 content for our samples. Total iron in the dust samples is in the range from 2.4% (Namib-1) to 10.6% 
484
The extinction and absorption coefficients decrease in absolute value with time, as already shown in 
518
The full envelope of n, k, and SSA obtained for the entire set of analysed samples is shown in 
526
The comparison between the full envelope of n, k, and SSA in this study with literature data is shown 
Imaginary refractive index and SSA versus iron and iron oxide content
561
The sample-to-sample variability of the imaginary part of the refractive index k and the SSA observed 562 in Fig. 6 and 7 is related to the dust composition by investigating the dependence on the particle iron 
580
We also investigated the dependence of the spectral k and SSA on the mass concentration of other 
585
These results therefore clearly show that iron, particularly in the form of iron oxides, is the main driver 586 of dust shortwave absorption. 
588
The dependence of the spectral k and SSA on the dust coarse fraction is investigated by relating it to 589 the Deff,coarse calculated from the size distribution data behind the SW instruments inlets. The k10-min and 590 SSA10-min at 370, 520, and 950 nm versus Deff,coarse are shown in Fig. 9 for all experimental data, which 591 we separated into three classes based on their iron oxide content (MCFe-ox% ≤ 1.5%, 1.5% < MCFe-ox% 592 < 3%, MCFe-ox% ≥ 3%). Figure 9 shows that even if the correlation is not very strong (R 2 <0.54), there is is independent of size, while the SSA increases as the coarse dust size fraction decreases. This is due 601 to the fact that absorption efficiency for a single particle (Qabs) increases with particle diameter while the 
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10-min data
5-12%
Quadratic combination of photon counting and gas calibration uncertainty (5%), angular corrections uncertainty (<5%) and standard deviation over 10-min intervals (2-10%).
The uncertainty on βsca (λ) usually decreases with increasing dust residence time in the chamber as a result of the reduction of the coarse component.
Absorption coefficient at 370, 470, 520, 590, 660, 880, and 950 nm, βabs (λ)
10-min data
22-30% at 370 nm 23-87% at 950 nm
Error propagation formula 1 on Eq. (2) considering the uncertainties on βATT(λ) from 10-min fitting procedure (error propagation formula 1 on Eq. 1, ⁓20%), and uncertainties on α(λ) (1%), βsca(λ) (5-12%), Cref (10%), and R (1-10%). 
Experiment averaged
1-12% at 370 nm 1-3% at 950 nm Error propagation formula 1 on Eq. (6) considering the uncertainty on m(λ), i.e., the slope of the linear fit between βsca and βabs over the whole duration of each experiment.
Complex refractive index (n-ik)
10-min data <5% for n <50% for k Deviations of the values of n and k retrieved in the sensitivity study (see Sect. 3.2) with respect to those obtained in the first inversions were assumed to correspond to the one standard deviation uncertainty to 10-min retrieved values.
Experiment averaged <8% for n 13-75 % for k Quadratic combination of the standard deviation of n and k over the experiment and the deviation on the experimentaveraged values between those obtained from central inversions and inversions using input data ± their uncertainty.
Size distribution
Error propagation formula 1 considering the uncertainty on the estimated shape factor χ (~6%)
The electrical mobility to geometrical diameter conversion was performed by assuming for dust a dynamic shape factor of 1.75 ± 0.10, as determined by SMPSSkyGrimm comparison 
10-min data
~20-90%
Error propagation formula 1 considering the dN/dlogDg st. dev. over 10-min and the uncertainty on particle loss function along sampling tubes L(Dg) (~50% at 2 µm, ~10% at 8 µm)
The uncertainty of L(Dg) was estimated with a sensitivity study by varying the values of the input parameters to the Particle Loss Calculator software within their uncertainties (see DB17) Deff,fine 10-min data <5% Deviation obtained by repeating the calculations by using the size distribution ± its uncertainty.
Deff,coarse 10-min data 5-40%
Mineralogical composition
Elemental iron mass concentration (MCFe%) Table 3 . Chemical characterization of the dust aerosols in the PM10.6 size fraction. Column 3 shows
1111
MCFe%, the fractional mass of elemental iron with respect to the total dust mass concentration (±10 %),
1112
and column 4 reports MCFe-ox%, the mass fraction of iron oxides with respect to the total dust mass 1113 concentration (±15 %) and its speciation in hematite MCHem% and goethite MCGoeth% (<±10% 
